A new mutant of Escherichia coli K-12 unable to grow with L-serine, glycine, and L-leucine has been isolated by A plac Mu insertion and shown to be deficient in L-serine deaminase activity. The corresponding gene, sdaA, has been cloned from a prototrophic strain, and the clone has been characterized and sequenced. The evidence is consistent with the hypothesis that sdaA is the structural gene for L-serine deaminase. However, other possibilities are also considered. No significant homology with previously reported DNA or protein sequences was detected.
The enzyme activity L-serine deaminase (L-SD) converts L-serine to pyruvate (19) . It is present in Escherichia coli cells grown in glucose-minimal medium and is induced to higher levels by growth with glycine and/or L-leucine but not its substrate, L-serine (10, 19) .
There is no obvious metabolic role for L-SD in glucosegrown cells. However, the range of effectors and mutations that alter its level suggest that it must have an important role in metabolism. Thus, L-SD is induced by exposure to DNAdamaging agents such as UV, nalidixic acid, and mitomycin (15) ; by an increase in the growth temperature; by growth in Luria broth (18) ; by anaerobic growth; by alcohol shock; and by the use of late-log-phase and stationary-phase cultures (E. B. Newman, unpublished results).
Mutants with increased levels of L-SD have been described. Strains with mutations at the ssd locus have very high L-SD levels and are able to grow with L-serine as the carbon source (17) . Other mutants which grow with L-serine contain less elevated levels of L-SD and have not yet been studied in detail (17) . Several mutants have been described which are deficient in L-SD when grown in glucose-minimal medium (18) . Two of these were deficient in L-SD in vivo, but activity could be demonstrated after appropriate incubation in vitro. This suggested the existence of enzymes which activate an inactive precursor in vivo (16) .
Although the L-SD-deficient mutants are clearly lacking in a physiological ability, the ability to grow with L-serine, glycine, and L-leucine as the carbon source, they are not totally unable to synthesize L-SD (18) . When grown in Luria broth (LB), the mutants showed a great deal of L-SD activity (18) . It is possible, as we suggested earlier, that a second L-serine deaminase is made in E. coli K-12 (18) .
Very little is known about the physical nature of either L-SD or its posttranslational activating system. As part of our studies on this subject, we report the characterization of a new mutant deficient in the L-SD synthesized in minimal medium. We have cloned and sequenced the relevant gene, sdaA. The evidence suggests that sdaA codes for either the structure of L-SD or a regulator of L-SD activity. 1. Cultures, media, and growth conditions. The minimal medium used, neutralized to pH 7, has been previously described (18) . All derivatives of strain MEW1 required Lisoleucine and L-valine for growth, and so these were added to all media at 50 p.g/ml each.
Medium with L-serine, glycine, and L-leucine as sole carbon sources other than L-isoleucine and L-valine is called SGL medium, and strains unable to grow in this medium are termed SGL-. L-Serine, glycine, and L-leucine were usually provided at 2,000, 300, and 300 [Lg/ml, respectively.
Enzyme assays. L-SD was assayed as previously described in toluene-treated whole cells (10) and in crude extracts (16) .
One unit of L-SD was taken to be the amount of enzyme which catalyzed the formation of 1 p,mol of pyruvate in 35 min. -Galactosidase was assayed by the method of Miller (13) Fig. 4 ) to the PstI site indicated in Fig. 1, a 
RESULTS
Isolation of mutants deficient in L-SD. Strains carrying A plac Mu insertions and unable to grow with L-serine, glycine, and L-leucine (SGL-) were isolated as described in Materials and Methods and assayed for L-SD activity and ,-galactosidase by whole-cell assays of cells grown in minimal medium with and without glycine and L-leucine. One strain which showed very low L-SD activity in glucoseminimal medium and some (but very little) L-SD activity under inducing conditions was retained for further study as strain MEW21. It showed 50 and 350 U of P-galactosidase in minimal medium and under induced conditions, respectively, indicating that the lacZ gene of the A plac Mu insert might have been inserted in the chromosome under the control of the L-SD promoter.
We named the gene mutated in strain MEW21 sdaA. To study it further and avoid the presence of a second insert in the strain, we transduced it into strain MEW1 by using phage P1 grown on strain MEW21 and selecting for kanamycin resistance. A resulting SGL-transductant, strain MEW22 sdaA::A plac Mu9, was used for further experiments. We refer to it in this paper as MEW22 sdaA.
Effect of L-SD inducers on lacZ transcription from sdaA. If strain MEW22 carried an insertion in the structural gene, P-galactosidase activities in strain MEW22 should parallel L-SD activities in strain MEWL. To test this, we measured L-SD and ,-galactosidase activities under conditions known to affect L-SD activity ( Table 2 ).
In fact, P-galactosidase was induced sevenfold by glycine and L-leucine, which closely parallels the sixfold induction of L-SD in the parent strain. Growth in LB also showed parallel induction (13-and 12-fold, respectively). Nonethe- less, other inducers of L-SD did not induce P-galactosidase.
It was not induced by UV light and was actually decreased by growth at 42°C.
Deficiency in L-SD activity in extracts of the sdaA mutant. L-SD appears to be synthesized by an inactive form and to be activated by an as yet unknown enzyme reaction (16) . Activation can be mimicked by in vitro incubation with iron and dithiothreitol (16) . Some SGL-mutants described earlier were deficient in the whole-cell assay but showed activity in extracts with iron and dithiothreitol (16) .
The fact that strain MEW22 was deficient in L-SD activity as judged by a whole-cell assay was clearly not enough to show that it was actually unable to synthesize L-SD. We therefore made extracts of the sdaA and parent strains and assayed each of them for L-SD activity in the presence of iron and dithiothreitol. The mutant showed less than 10% of the activity of the parent, both being grown in glucoseminimal medium with glycine and L-leucine. This excludes the possibility that the sdaA mutant is deficient in the activation system for L-SD and is consistent with the conclusion that sdaA codes for either the structural gene for L-SD or a regulatory factor.
Cloning of sdaA. Using the in vivo cloning system of Groisman et al. (8, 9) , we obtained a plasmid with a Mu replicon and about 10 kb of E. coli DNA complementing the sdaA mutation. From this plasmid, we subcloned smaller fragments first into pBR322 and then into Bluescript KS' and KS-for sequencing. The smallest fragment obtained, 2.6 kb, was then subcloned into pBR322, producing plasmid pMES22, which was used for most studies. The details of this procedure are presented in Materials and Methods and shown in Fig. 1 .
L-SD activity of strains carrying the cloned sdaA gene. The plasmids we isolated all complemented the SGL-phenotype and so might be expected to restore L-SD activity to an sdaA mutant. To test this, we transformed the plasmids carrying 6 and 2.6 kb of chromosomal DNA (pMES2 and pMES22, respectively) into both the SGL-strain, MEW22, and its SGL+ parent, MEWL.
Strains carrying either of these high-copy-number plasmids showed large increases in L-SD activity ( Table 3) . The parent strain, MEW1, made 14-fold more L-SD when carrying the plasmid than without it. This large increase in L-SD production was seen with both plasmids and both hosts. L-SD synthesis from strains carrying either plasmid was inducible by glycine and L-leucine, suggesting that both plasmids contain the regulatory information needed for this induction. Furthermore, L-SD was synthesized to about the same level from both plasmids, suggesting that little if any regulatory information was lost in cutting from 6 to 2.6 kb.
On the other hand, 3-galactosidase encoded by the lacZ gene inserted into the chromosome, presumably under the L-SD promoter, was produced at about the same level with and without plasmid and was also induced by glycine and L-leucine. That is, the sdaA clone did not alter transcription from the chromosomal sdaA promoter in cells grown in glucose-minimal medium.
Hybridization of pMES22 to chromosomal DNA with insertion in sdaA. We would expect that the sdaA gene lies in one (Fig. 2) . The pMES22-derived probe hybridized to one major band and two minor bands in the digest of the parent strain. The major band (2.6 kb) was replaced in the mutant by two other bands (3.1 and 5.7 kb), indicating that the insertion in strain MEW22 (sdaA) was indeed in the same gene that was cloned on pMES22.
We conclude that we have actually cloned the gene mutated in strain MEW22. (Fig. 3) . It contained three possible open reading frames (ORFs) in the direction from Sall to PstI (Fig. 4) (7), avoiding AUA, CUA, CGA, CCC, AGA, and GGA codons. In addition, 13 base pairs upstream of the AUG codon at 663 was a possible ribosome-binding site (GUGAU), which complements the 3' end of 16S rRNA (AUCAC), and 11 base pairs downstream of the UAA stop codon was a possible RNA secondary structure characteristic of E. coli transcription termination signals. Because this long ORF was the only complete protein-coding sequence and showed all the criteria for an expressed ORF, we believe this to be the sequence which codes for the sdaA product.
Use of a lacZ fusion to locate the position and orientation of the ORF corresponding to sdaA. Analysis of both strands of our clone indicated that only the ORF from nucleotides 663 to 2009 was likely to correspond to sdaA. To confirm this, we inserted the lacZ DNA sequence from pMC1871 into the unique HpaI site of our clone. This produced a plasmid carrying the first 1,458 bases of the putative ORF fused in frame to lacZ. We named this plasmid pMEZS22.
We verified that this construction actually gave us the correct in-frame fusion to lacZ by sequencing across the fusion junction. The sequence determined was AT GTC ATT GAC TGG GTA AAC ATG TTT GCG CTG GCA GTT/GGG GAT CCC GTC GTT TTA CAA CGT CGT GAC TGG G, corresponding to the last 38 bases prior to the HpaI site of sdaA joined in frame to the first 34 bases of the lacZ of pMC1871.
If lacZ were in fact inserted in the appropriate orientation in the reading frame of the sdaA gene, it should be controlled by the same factors as sdaA itself. We tested this in two ways. First, we grew strain MEW1(pMEZS22) in glucoseminimal medium with and without glycine and L-leucine and assayed P-galactosidase production. Cultures grown without inducers made 800 U of P-galactosidase, indicating that the reading frame was indeed functional (Table 4) . Cultures grown with glycine and L-leucine made four times more. This is similar to the induction of L-SD in strain MEW1(pMES22) ( Table 3 ). It is clear, then, that lacZ was inserted in a reading frame whose promoter was regulated by L-SD inducers. Second, we further confirmed this by transforming this plasmid into an ssd mutant. This mutant expressed L-SD at a much higher level (5-to 20-fold higher) than the wild type did (17) . Similarly, the ,B-galactosidase level was much higher in the ssd mutant than in the parent strain (Table 4) . VOL. 171, 1989 SEQUENCE OF A SERINE DEGRADATION GENE, sdaA 
TCT TCC CAT ACC GTA 000 CCT ATG AAG GCA GOT AAA CAG TTC GTC CAT OAT CTG GTC GAA AAA GGC TTA CTG OAT
AAA ACT TAT TAT TCC ATC GGC GGC GOT TTT ATC GTC GAT GAA GAA CAC TTT CGT CAG GAT
GOT ATC GTT CCG CCA GTG CTG OCT TAC TAT GAC CAC TTT ATT GAA TCG GTC AGC CCG GAC
TTT ATG GCA GCG GGC GCG ATT GOT GCA TTG TAT AAA ATG AAC GCC TCT ATT TCC GOT GCG
TGC GTG GCG GCG GAA ATT GGC ATG GAA CAC AAC CTT GOT TTA ACC TGC GAC CCG OTT GCA We conclude, then, that the ORF from nucleotides 663 to 2009 codes for the sdaA gene product.
DISCUSSION
We report here the cloning and sequencing of a gene, sdaA, from E. coli K-12. This gene was isolated as a result of its capacity to restore the ability to grow with serine, glycine, and L-leucine as carbon sources to a newly obtained mutant, strain MEW22, which is unable to grow under those conditions. The gene mutated in strain MEW22 has been named sdaA. The nature of its gene product has not been demonstrated, but the evidence is consistent with its coding for either the structural gene for L-SD or a positive activator of transcription.
Strain MEW22, which is unable to grow in SGL medium, showed no significant L-SD activity when grown in glucoseminimal medium and little when grown with glycine and L-leucine. pMES22, a 2.6-kb fragment of E. coli DNA cloned into pBR322, restored its ability to grow in SGL medium. When transformed into either the sdaA+ parent or the sdaA mutant, pMES22 allowed the production of 14-fold more L-SD than is seen in the parent strain, all grown in glucoseminimal medium.
As judged by the hybridization of pMES22 DNA to chromosomal DNA, the gene cloned in pMES22 is the same gene that is disrupted in MEW22. When the gene was disrupted, the cell contained no L-SD. When it was present in many copies, the L-SD level was greatly increased. 1-Galactosidase synthesized from the sdaA promoter showed the same induction by glycine and L-leucine as did L-SD in the parent strain. We showed that the promoter of sdaA is influenced by growth with glycine and L-leucine in the same way as L-SD is in the parent, which is consistent with its being either structural or regulatory. This was seen by 3-galactosidase transcription from the sdaA promoter (Table 2 ) and by the fact that L-SD synthesis from pMES22 was induced by glycine and L-leucine. However, the regulation of 3-galactosidase did not follow the L-SD pattern in all details.
Although growth in LB induced P-galactosidase, growth at 42°C and exposure to UV did not induce it. We do not know why these factors failed to induce 3-galactosidase.
On the other hand, we have previously described another mutant, strain MEW15, carrying a Mu::dX insertion causing the inability to grow in SGL medium (18) . In that strain, as in strain MEW22, 3-galactosidase was induced by growth with glycine and L-leucine and in LB. However, it was also induced by UV irradiation and by growth at 42°C. Since these two mutations are not at the same genetic locus (data not shown), they could not both be structural mutations unless L-SD is made up of nonidentical dimers.
Mutations could cause L-SD deficiency in another way, i.e., by interfering with activation of the enzyme (16) . Such mutants have been isolated previously and are detected as showing L-SD activity in extracts but not in the whole-cell assay (16) . This is unlikely, however, both for strain MEW15 (16) The fact that the cloned gene is inducible by glycine and L-leucine, and to the same extent as L-SD in the parent, suggests that the clone carries the signals for induction by glycine and L-leucine presumably upstream of the ATG at position 663. We therefore searched the upstream region for possible regulatory sequences.
Various other enzymes are induced by glycine or L-leucine or both. E. coli can derive glycine from threonine in the presence of L-leucine, which induces threonine dehydrogenase (6) . Chan (18) , and this induction is under the control of the htpR gene, as judged by the fact that L-SD induction at 42°C is abolished by the htpR mutation (data not shown). A binding site for the htpR gene product, sigma 32 (14) , has been reported, with a -35 consensus sequence, TNtCNCcCTTGAA (5) . We searched for homology to the -35 and -10 regions of several heat shock genes and found no convincing homology. Because L-SD is also induced by DNA-damaging agents, we also searched for binding sites for the lexA repressor (23), without success.
The failure to find a binding site for sigma 32 in the region upstream of the apparent sdaA sequence is surprising. This could mean (i) that sdaA is not the structural gene; (ii) that the regulatory region is in fact outside the cloned fragment, e.g., upstream of the ORF which begins at the Sall site; or (iii) that heat induction is an indirect effect of htpR function rather than a direct one.
Possible ORFs are seen upstream and downstream of the sdaA gene. Their pattern of codon usage suggests that they do not code for efficiently expressed proteins. In fact, we do not know whether they are related to serine metabolism in any way.
One of the uncommon features of L-SD regulation is that it is subject to posttranslational activation, which is mimicked in vitro by incubation with iron and dithiothreitol (16) . This may be a proteolytic activation, as judged by the ability of iron and dithiothreitol to cut protein molecules (11) . Activation of a Lactobacillus enzyme, histidine decarboxylase, was shown to involve serinolysis at a serine-serine bond (20) . The existence of a serine-serine bond at amino acids 243 and 244 of the translated sdaA reading frame suggests that if sdaA were indeed the structural gene for L-SD, L-SD might be activated by a similar mechanism.
